Internalin B (InlB) is an extracellular virulence factor of the bacterium Listeria monocytogenes, (italic) and it contains seven leucine rich repeats (LRRs) which is composed of seven β-strands aligned to form a continuous β-sheet. This β-sheet which is composed of a linear arrangement of five exposed aromatic amino acids is a hot-spot for host receptor (Met) binding and this is the goal of our studies. At first glance, the molecule were optimized with 6 to 31G (d,p) basis set in the gas phase at the Hartree-Fock (HF) level of theory. To simulate the solvent effect, the HF optimized parameters were used as initial input for subsequent HF/self-consistent reaction field (SCRF) calculations in a variety of solvents which represent a wide range of solvent properties from the point of view of polarity, as well as the hydrogen bond donor and acceptor strength, implementing 6 to 31G (d,p) atomic basis set. For deeper investigations of β-sheet folding, thermodynamic signatures of this biomolecule as an island of cooperatively-ordered hydrogen-bonded network by calculating Gibbs free energy and enthalpy were determined. Four different temperatures that this bacterium may encounter in the environment, and in cold-blooded animals or warm-blooded hosts in three solvent media were used. Then, NMR studies was carried out on the basis of gauge-including atomic orbital (GIAO) method at HF/6-31G (d,p) level of theory, to gain more insight to solvent effects on aromatic amino acids 15 N and 17 O atoms shielding in order to probe InlB-Met (ligand-protein) binding via clarifying of chemical shift mapping and dynamics.
INTRODUCTION
In the last few years, a variety of ab initio computational calculations have been developed for better understanding of energetic properties, charge distributions, bond values, magnetic shielding, thermodynamics and others that are not readily available.
Bacterial virulence factors show a striking abundance of repetitive sequences including leucine rich repeat (LRR) domains (Cabanes et al., 2002) . They mediate protein-protein interactions fundamental to many biological processes such as signalling, cell adhesion, *Corresponding author. E-mail: m_monajjemi@yahoo.com. enzyme modulation, intracellular transport and plant disease resistance (Pishkar et al., 2010; . The families of internalin proteins from Listeria monocytogenes contain a highly regular LRR domain. Invasiveness of this bacterium for mediating systemic infection is a trait that is acquired after the ability of attaching, internalizing and spreading in the several tissues and cell types of eukaryotic host cells expressing Met receptor such as epithelial, endothelial, hepatic cells and fibroblasts. These characters are induced by Internalin B (InlB), a Listeria surface-associated virulence protein (Chatterjee et al., 2006; Cossart, 2002; Cossart et al., 2003) . The three-dimensional crystal structure of the InlB has been determined by X-ray crystallography.
It has a modular architecture comprised of an Nterminal cap domain, a LRR domain of 22 amino acid repeats and an inter-repeat region (IR) domain followed by a second repeat region that non-covalently anchors the protein to the bacterial cell wall.
So in addition to the bacterial-bound form of InlB, a main part of it, is released into the medium as a soluble molecule. Hence, we envisage that its secretion into the medium or localization at the bacterial surface requires a considerable stability against chemical and thermal denaturation (Khodayari et al., 2010; . In fact, β-sheet is distributed across the entire LRR domain and harbored a linear array of five substantial aromatic amino acids (F104, W124, F126, Y170 and Y214) dispensable for the InlB-mediated invasion of Listeria into mammalian cells. These residues are positioned in close proximity and constitute a single binding site. The sequence alignment of other internalin LRRs represents the most variability of these exposed residues on the concave face of molecule which is an indicative of the importance of this region in receptor binding (Machner et al., 2003; Shen et al., 2000) . Since high-affinity binding events between LRR and Met are necessary for internalization of bacteria, it is desired to understand the energetic and structural details of such interactions.
Due to the modular structure and repetitive feature of InlB, it can be trimmed into smaller fragments that remain folded. Moreover, the elongated β-sheet in the whole LRR domain involves inter-repeated hydrogen bonding, spanning over all seven repeats. The architectural results of a local topology without the long-range contacts that typify most globular proteins and are unique to the pathogenic Listeria strains (Khodayari et al., 2010; Schubert et al., 2001) when taken together, have made it an appropriate biomolecule model to better understand biochemical and biophysical properties among similar structural elements even by computational methods. The kinetics and thermodynamics of InlB and β-sheet folding have traditionally been studied by optical spectroscopies, calorimetry and scattering techniques (Schubert et al., 2001; Courtemanche and Barrick, 2008) .
Although, these techniques provide crucial information about global structural transitions, it also provide relatively little and direct information about site-specific structural features particularly at the atomic levels. So, this study allows to comparing energy distribution and stability between β-strands and residue-specific analysis in a monomeric β-sheet via ab initio calculations. Compared to α-helical repeat proteins, the folding of repeat proteins containing β-sheet structure have not been extensively investigated (Freiberg et al., 2004) . On the other hand, no ab initio studies have been reported on repeat proteins containing β-sheets, especially with the characteristic of InlB β-sheet yet.
One area where thermodynamics can be useful, is in the process of protein (un)folding and binding between a Monajjemi et al. 2407 macromolecule and a ligand . These calculations specially in appreciating the strength and specificity of noncovalent intra and intermolecular interactions, contributing to the protein stability and ligand-receptor properties are carried out in the gas phase incorporating with environmental effect via solvent continuum. Present methodological approaches using modest computational facilities in conjunction with the solvent representation given by self-consistent reaction field (SCRF) model, provide a powerful tool to investigating the extent of hydrogen-bonding and polarity/ polarisability properties of the solvent and its influence on the physicochemical quantities especially in compounds and interactions that solvation effects cannot be neglected (Monajjemi and Chahkandi, 2005; Patel et al., 1999) . For more structural determination, ab initio multinuclear NMR calculations using the "gauge-including atomic orbital" (GIAO) method were performed in various solvents. Atoms in different environments experience different amount of shielding. These calculations on truncated model systems can predict reasonable chemical shift values and have became a powerful tool in understanding the variations in the molecular structure and functions as well as the role of them in drug design . Moreover, many NMR studies especially in drug design and pharmacology, are of homologous proteins (Donald and Martin, 2009) , and it has been determined that LRR domains are predominantly found in virulence factors of many pathogenic bacteria such as L. monocytogenes, Yersinia sp, Shigella flexneri and Salmonella sp. (Khodayari et al., 2010; Zaccari and Anderson, 2003) . So, the lack of experimental NMR data motivated us to calculate NMR shielding tensors of nitrogen and oxygen atoms of aromatic β-sheet residues and compare the range of shielding shifts in a wide range of solvents encompassing a broad spectrum of polarity and hydrogen-bonding properties.
In the next step, because of broad host range of L. monocytogenes to infect over 40 species of wild and domesticated animals besides human and its survival in various environments, it was hypothesized that temperature is an important factor in InlB expression and invasion. So, thermochemical parameters of β-sheet of EGD strain-serovar 1/2A (PDB code = 1H6T) such as entropy, enthalpy and Gibbs free energy was calculated at different temperatures, that this bacterium may be encountered in the environment and in cold-blooded animals (25°C) or warm-blooded hosts ( 37 and 42°C ) in three solvent media (McGann et al., 2007) .
COMPUTATIONAL METHODS
These computer simulations provide a microscopic view of the important molecular events in atomic details and complement the macroscopic views of the experimental processes as well as open up practical strategies to discover novel therapeutics and protein-based drug design to combat this insidious bacterium.
The three-dimensional structure of InlB LRR, was taken from the X-ray coordinate file (Protein Data Bank (PDB) entry code: 1H6T ). The coordinates of the amino acids distributed in seven tandem β-strands (residues 4 to 6 in each repeat), were selected and aligned respectively (Schubert et al., 2001) . Hydrogen atoms which were not included in the PDB file were generated by the standard MM procedures. In order to conduct a thermodynamic investigation on modular structure of LRR domain, we constructed three fragments of β-sheets that is introduced by part A (2 first β-strands), part B (2 second β-strands) and part C (three third β-strands). Breaking bonds and gaps between strands were saturated by dummy atoms. In Figure 1 , the concave face of β-sheet and linear arrangement of aromatic rings are shown and the atom numbering of five aromatic amino acids used throughout the text is included. After preparing appropriate models, all fragments were optimized with STO-3G, 3-21G and 6-31G(d,p) basis sets in the gas phase at the Hartree-Fock (HF) level of theory, to determine the molecular geometry with the GAUSSIAN 98 suite of programs adapted to a personal computer . Consequently, for estimating solvent effects on the conformational equilibrium and geometry, in comparison with gaseous phase as well as to appreciate the importance of solvent dielectric constant and polarity on solute-to-solvent interactions, the HF/SCRF calculations were performed. Six solvents with various dielectric constants: ε = 78. 39, 46.8, 32.63, 24.55, 20.7, 7. 58, corresponding to water, DMSO, methanol, ethanol, acetone and TetraHydroFuran (THF), respecttively, were used. The simplest SCRF model is based on the Onsager's reaction field theory of electrostatic solvation. In this model, the solvent is considered as a uniform dielectric with a given dielectric constant (ε). The solute is assumed to occupy a spherical cavity of radius a 0 inside the solvent. The permanent dipole moment or higher electric multiple moments of the solute will induce a multiple in the surrounding medium, which will interact with the permanent molecular dipole, influencing the electronic structure of the solute. Firstly, the cavity radiuses for the SCRF calculations were determined from the estimated molecular volume of the three fragments. Then, the solvation calculations were performed at HF/6-31G (d,p) level using Onsager model (Huzinaga et al.,1984; Quinones et al., 2000) .The numbers of atoms for the three fragments A, B and C were as 92, 97 and 126, respectively. So it took approximately 120 h to do the calculations. Frequency calculations, in order to appreciate thermo-chemical parameters such as Gibbs free energies, enthalpies and entropies of the molecule and a comparison of the obtained resultants with the aforementioned calculations were performed at four different temperatures: 298, 310, 315, 322k in aqueous phase and two other solvents (DMSO and THF). These may have significance for our understanding of β-sheet (un)folding and other biomolecular processes. To gain further insight into the solvent dielectric constant effects on important biomolecular mechanisms at the atomic level, NMR shielding tensors (ppm) of nitrogen and oxygen atoms of aromatic β-sheet residues have been computed with the continuous set of the gauge independent atomic orbital (GIAO) method with 6-31G(d,p) basis set (Monajjemi et al., , 2006 . NMR shielding tensors and magnetic susceptibilities using the Hartree-Fock theory computed with the GIAO method do not require large basis sets to achieve accurate results and systematically provide good results (Gao et al., 2007) .
RESULTS AND DISCUSSION
With the various ab initio methods, one can obtain meaningful values for the contribution of one type of interaction or one chemical group to stability. As more detailed data became available, especially about the strength and specificity of non-covalent intra and inter molecules interactions at the atomic level, these events can be controlled more towards desirable directions. In addition, structure-based drug design begins with the deeper characteristic identification of ligand binding site on the target molecule.So we investigated the characteristic and (un) folding properties of InlB β-sheet and its aligned aromatic amino acids as a bacterial ligand, thermo chemically ( Figure 1 ). Due to the prevalence of surface molecules in L. monocytogenes harboring the internalin domain, our results offers hope of developing methods leading to an increase in the resistance to Listerial infections.
β-Sheet conformation in vacuum and solvent
Initially, three fragments were optimized at the HF level with 6 to 31G basis set. The HF optimized parameters were used as initial input for subsequent HF/SCRF calculations. Predicted total energies and dipole moments of three parts are given in Table 1 . At the first glance, it is demonstrated that the total energy values of two β-stranded-parts A and B in water solvent are close to each other and as the number of strands increased in part C, the stability was done. The solvent effects on the energies of organic compounds are often well related to the dielectric constant (ε) of the solvent. The solute is treated as a low dielectric cavity in a high dielectric medium (Monajjemi et al., 2003) . Solvent effects on the electronic structure of these fragments are manifested in the changes in atomic charges as well as in the increase in the dipole moment on going from the solvent of higher ε to lower ε. It means that the transfer of molecules from high-polar to low-polar solvents is culminated to instabilities. Normally, there is a charge distribution alongside the β-sheet, thus, increasing trend of dipole moment is indicative of focused electron clouds and somehow denaturation. In other words, the physical properties of three β-sheet parts in low-polar solvents on essentially similar scaffold are disrupted and these results indicate that there is direct correlation between dipole moment and the order of instability under SCRF conditions. As shown in Table 2 , with decrease of dielectric constant, the values of Gibbs free energies became more positive, too. This reinforces the opinion that the molecules in polar solvents is more stable than in low-polar solvents, which is in agreement with the aforementioned conclusions. According to Table 1 , the molecule has the most stability in water and the shifts obtained in dipole moment for polar solvents are relatively closed to each other and gradually towards the low-polar solvents, the deviations will be more pronounced in the THF, where there is least stabilities. The solvation energy calculated by the SCRF method corresponds to the electrostatic contribution of the free energy of salvation. This method, evaluates only the electrostatic component of solvation (Monajjemi et al., 2003) . Most of the β-sheets fold with an identifiable core of hydrophobic residues which in the case of InlB βsheet, is more significant (Monajjemi et al., 2011; Main et al., 2005) . Lazaridis and Karplus (2003) reported that the electrostatic solvation energies in unfolded state are more negative primarily because back-bone hydrophobic hydrogen bonding groups buried in the native state become more exposed to the solvent. Thus, these buried hydrophobic groups have become accessible in lowpolar solvents, culminating to protein unfolding and the negative trend which is seen in total energies from water to THF is a representative of the unfolding of the molecule, too. Thus, there are the least stabilities in THF.
As it appeared, all the conclusions are in a good agreement with each other.
Temperature and solvent effects on the β-sheet (un)folding and thermo chemical functions
Non-covalent interactions play a key role in protein folding and specificity of ligand-receptor bonding (Main et al., 2005) . As discussed earlier, the interfaces between β-strands are saturated by hydrogen bonds in whole βsheet, which can affect the thermo-chemical behavior of the molecule. The string of aromatic amino acids, located at the concave surface of the LRR domain was considered as a hot-spot for InlB-Met binding and thermo-chemical parameters of Trp124-Phe126 in part B and Tyr170-Tyr214 in part C were assayed in four temperatures and solvents such as water, DMSO as well as THF and reported, in Table 2 . Comparison of Gibbs free energies in different solvents at four temperatures demonstrates that the molecule has the most negative values of ΔGs in water than DMSO and THF, respectively indicative of (1): dominant role of water in biomolecular systems in which stability of the molecule in water is at most and (2): decrease of dielectric constant value leading to more destructive effect on molecule. So, THF, which has the least polar solvent causes higher structural changes and protein unfolding at the earlier mentioned temperatures.
Unlike intramolecular enthalpies, solvation enthalpies are highly temperature-dependant and the enthalpy of unfolding becomes progressively more endothermic with increasing temperature (Lazaridis and Karplus, 2003) . In lower temperatures, H-bonds between strands, within the structure, can be relatively preserved or likely replaced by H-bonds to water molecules. So, little deviation is Monajjemi et al. 2411 observed in thermo-chemical parameters particularly in terms of free energy (ΔG). It can be concluded that these repetitive secondary structures, which stacked on each other with internal hydrogen bonded network, regardless of increasing temperature up to 42°C can remain relatively intact, especially in the hot-spot region. However, at 49°C the values of enthalpy become more positive and endothermic and ΔG and entropy values show tangible deviations, too. These are indicative of protein unfolding. Some researchers used differential scanning microcalorimetry (DSC) for investigating stability of InlB248 and InlB321, and reported that endothermic denaturation transitions are around 42 and 49°C ,respectively (Courtemanche and Barrick, 2008) . Our finding, in hot spot region in water is identical with our studies of thermal effect on InlB321. We hypothesized that the role of polar solvents, particularly water in the overall thermodynamics of such a system which is a non-covalent-weaked interactions like hydrogen bonds have crucial role in controlling folding, is so dominant and temperature dependent, and because of the unusual properties of water molecules with large heat capacity, it can inhibit quick thermal denaturation of this system (Lazaridis and Karplus, 2003) .
In a previous study, Courtemanche and Barrick (2008) found that the LRR domain of InlB has two-state equilibrium folding and unfolding pathways. With rise in temperature up to 49°C, following more buried hydrophobic group exposure and increased freedom degrees of molecule, H-bonds in the protein-water system is going to break and the disordered liquid state reinforces thermal disruption of intermolecular H-bonds which could be held in place by the cooperatively hydrogen bonded network. Consequently, β-sheet unfolds all at once. The comparison of two studied parts reveals that both of them follow the same thermo-chemical patterns in explained temperatures and solvents. These are consistent with the earlier-mentioned notion about the equilibrium two-state (un)folding pathways, reported by Courtemanche and Barrick (2008) . So, it seems that there is a cooperation among the β-strands thermodynamically in which taken together the whole β-sheet thermodynamics character is determined.
NMR structural studies in different media
Although, the structure of InlB has already been determined by X-ray crystallography, NMR assignments, based on the quantum mechanical property of nuclei are valuable, because it can be used to probe InlB-Met (ligand-protein) binding via clarifying of chemical shift mapping and dynamics. On the other side, it is often desirable to compare chemical shifts variations, obtained under some conditions such as different solvents, and changes in solvent polarity may influence intermolecular shielding of InlB β-sheet.
Typically, three principal Eigen values (ζ 11, ζ 22, ζ 33 ) and the isotropic value (ζ iso ) as well as the anisotropy of the tensor (ζ aniso ) can be predicted by suitable quantum mechanical computations (Harris et al., 2008) in order of increasing shielding as:
the definition of isotropic shielding, ζ iso, is clearly:
It is useful to express shielding tensor data using three other parameters as well as the principal components. One of these is shielding anisotropy tensor (Δζ): The second parameter is referred to as chemical shift (δ):
The third component is shielding asymmetry (η), is defined as (Harris et al., 2008) : Table 3 provides results for NMR shielding tensors (ppm) of aromatic amino acids 15 N and 17 O in vacuum, water, DMSO, ethanol and THF. Based on calculations with Equations (1) to (5), It is worth noting that there is only a small dependence of the nuclear shielding on the various environments and the solvents employed is likely to enter into rather weak molecular interactions with the solutes in which a small change in chemical shift values is seen while going from gaseous to liquid phase environment.
These results can be indicative of (1): rigidity of this unit, packing more closely which is clearly an advantage for a molecule exposed to the hostile proteolytic host environment. As a result, it can easily accommodate a large range of repeats, between six LRRs in InlC to 15 LRRs in InlA (Tsai et al., 2006) and (2): the experimental data are suitable for comparing with theoretical values of the nuclear shielding calculated for this isolated molecule. Nevertheless, gas to solution shifts of the N120 in Phe126 amino group and O101 in Trp124 carboxyl group shielding are relatively more pronounced. In addition, the shielding variations of the 15 N and 17 O atoms involved in aromatic rings are relatively larger.
This can be due to, (1); most exposure of them in solvent media and, (2); well-known ring current effects.
So, their chemical shifts are much more sensitive to the local environment than that of oxygen and nitrogen atoms, engaged in the backbone carboxyl and amino groups. It was shown that the hydrogen bonding of THF with NH of the Trp indole ring has more effect on the nitrogen chemical shift, consequently significant effect on the electronic configuration of indole and then amino acid. On the other hand, the downfield movement in chemical shift seems to arise from increasing delocalization of the nitrogen electron lone pairs by the πelectron system which results in increased anisotropic deshielding with the decreasing polarity of the medium and the most density changes, is resulted from the interaction with THF. The extension of π resonance system in indole ring can play a considerable role in this behaviour, too. The only exception is that DMSO induces the least chemical shift in Trp-indole-N atom. The trends in Tyr-phenol-O atoms are inversed (Figure 2a ) and are related to hydrogen bond donor strength of solvent, in which the most anisotropic deshielding values are observed in water. In addition, it seems that the delocalization of electron lone pairs is augmented by solvent polarity. These characters are likely more stressed by forming partial double bond of the C-O bond on aromatic ring induced by π-resonance system. It is to be noted that Tyr214-O ring has the maximum chemical shift values, in all the environments regarding to the Tyr170-O ring.
The insignificant chemical shifts of nitrogen and oxygen atoms engaged in the backbone of carboxyl and amino groups can be due to 1: strong intramolecular H-bonds that impede the formation of intermolecular H-bonds and 2: regarding to the aromatic rings atoms, they are positioned at the internal surface of the amino acids, that is thereby affected by solvents weakly. In other words, 15 N and 17 O atoms shielding of aromatic rings, are more likely to be solvent dependent but the possibility of soluteto-solvent hydrogen bond effects on the other nitrogen and oxygen atoms are weaker. The N-amino groups and O-carboxyl groups shielding of both show similar changes in the aforementioned environments.
However, the shielding variation of 15 N atoms seems to follow the polarity of solvent in the sense of enhanced deshielding, with the increasing polarity. Although, the increasing hydrogen bond donor strength of solvent, produces a low deshielding effects on them. These trends for 17 O atoms are inversed and they are more shielded in polar solvents (Figure 2b and c) .As shown in Figure 2b and c, the hydrogen bond donor strength of solvent has quite insignificant effect on N120, O101 and O123, and aprotic solvents like DMSO and THF produced more deshielding effects on them.
Conclusion
At first glance, ab initio HF calculations, obtained a good agreement by the presented experimental data. Also, these calculations predict a relatively significant independence of the isolated InlB β-sheet geometry on the environmental effects especially in polar solvents. These are in accord with the notion that InlB exists in two forms, non-covalently associated with the bacterial surface and free in solution, and also high-affinity binding event between concave face of the molecule and Met is necessary for internalization of bacteria. However, this molecule varies mostly in the solvents by low dielectric constants like THF at 49°C and there is cooperation among β-strands, thermodynamically. On the other hand, the aromatic rings atoms especially Trp-indole-N and Tyrs-phenol-O atoms are more affected by local environment like varieties in dielectric constant and solvent polarity. On the other side, InlB β-sheet was viewed as islalnds of cooperatively-ordered hydrogen-bonded structure, and the role of water molecules in the overall thermodynamics is significant and highly temperature dependent. It seems that in unfolding and even in its ligand-dissociation processes (with the notion that hydrogen bonds have the essential role in Met-residues binding) (Niemann et al., 2007) , H-bonds between protein groups would be replaced by H-bonds to water and the role of water molecules in controlling properties of this rigid unite is of great importance. Thereby, the unique, packed and exposed linearly arrangement of aromatic rings with a variety of potential hydrogen bond donors and acceptors, with a small size can be an ideal part for drug design.
